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ABSTRACT
Fire Effects in Montane Meadows
Rosie Deak
The impact of forest fires on downstream meadow communities across California
is of great ecological interest, as meadows are an important source of biodiversity in this
region. Over a century of fire suppression has led to increased forest stand densities,
which in turn has resulted in less water availability due to increased transpiration of
densely growing trees. This potentially has left less available water for downstream plant
communities in meadows. If true, then high mortality wildfires in surrounding forest are
predicted to lead to an increase in available downstream moisture where obligate and
facultative-wetland taxa increase and dry-adapted upland taxa decline. Here, we test this
hypothesis using a dataset of 103 California montane meadows sampled before and
after fire over the last 20 years. Using long term meadow monitoring data, compositional
turnover is calculated for each plot from before and after fire and then evaluated against
the area of 100% mortality, postfire relative-precipitation, meadow type, and proximity of
the meadow to fire. We hypothesize that mortality, post-fire precipitation, and site type
influence compositional turnover in meadows, regardless of proximity to the burn area.
We find that compositional turnover is influenced by mortality but not by meadow type,
relative precipitation, or the proximity to fire perimeter. Specifically, turnover was greater
in meadows in higher mortality catchments. We then used a combination of linear
models and NMDS to determine whether specific functional groups were driving higher
turnover rates, expecting increases in obligate and facultative-wetland groups following
high mortality fires. However we found no evidence for this. The high variation amongst
meadows and their respective fire histories yielded no consistent shifts in community
composition. Our findings highlight that landscape scale fire effects can interact strongly
affect plant communities outside of fire perimeters, but that this does not lead to
predictable shifts in wetland community composition. As fire behavior and drought are
projected to become more extreme, we can expect that meadow composition will
continue to change but not in predictable ways.
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1. INTRODUCTION
1.1 Wildfire general influences
Wildfire is a key disturbance across a variety of spatial and temporal scales; fire
occurs in cyclical feedback loops between the biosphere, atmosphere, and geosphere
(McLauchlan et al., 2020; McKinney, 2019). On a short temporal scale, fire can directly
burn landscapes, kill vegetation, scorch soil, instigate germination, and indirectly release
both physical space and nutrients for plant regeneration. Microclimates too can be
regulated by fire, altering vegetation cover and evapotranspiration within the burned
community and along the margins of the fire boundary (Watts and Kobziar, 2015). The
relationship between fire and the biosphere takes place at multiple levels of organization;
individual organisms can have unique adaptations that include withstanding fire (i.e.
thick bark), recovering from fire (i.e. root burl, resprouting), or even requiring fire for
reproduction (i.e. serotiny). The assemblage of these species influences the community
response which then determines the overall landscape recovery to a fire event. Over
time, fire frequency, intensity, seasonality and type (e.g., surface or crown) form a
characteristic fire regime (Murphy et al., 2013). Fire regime plays an important role in
determining the composition, structure, and spatial distribution of vegetation (Bowman et
al., 2009). Changing the fire regime, through the suppression of fire is equally influential
on vegetation (Barth et al., 2015; Dolanc et al., 2014).
1.2 Pre-Gold Rush Forests
Across California, drastic fire regime shifts have driven changes in vegetation
structure and composition. Prior to the 1850’s, the landscape was burned often with low
severity fires lit by lightning or Native Americans. Such practices were likely key to
maintaining landscape heterogeneity, species diversity, and ecosystem function (van
Wagtendonk, 1985, 2018; Keeley, 2011; Brown and Smith, 2000). Iconic Sierran conifer
forests were described as park-like, with large, well-spaced trees that allowed sunlight to
reach the forest floor (Kilgore, 1973; Vankat and Major, 1978; Parsons and DeBenedetti,
1979; Stephenson, 1999; Taylor, 2004). These structural characteristics were the result
of frequent low-moderate severity fire. Traditional burning practices were halted at the
onset of the 1850’s gold rush. Forests became a commodity and were then logged. Fires
that threatened timber or burgeoning human development were extinguished, making
way for the dense, homogeneous, and fire-prone forests we see today (Allen et al.,
2019).

1.3 Effects of Fire Suppression
Fire suppression promotes the recruitment of many small trees creating a thick,
structurally uniform, dark, litter-strewn, low diversity, and competitive forest environment
(Bouldin, 1999; Barbour et al., 2007; Taylor, 2004; North et al., 2004). Unbridled tree
recruitment affects other communities on the landscape through tree expansion into nonforested areas (shrublands, grasslands, wetlands, etc.), thus increasing the homogeneity
across the landscape mosaic (Airey-Lauvaux et al., 2016; Norman and Taylor, 2005;
Conard and Radosevich, 1982). The higher water demands associated with more trees
drive competition within forests and can reduce surface flows downstream (Bales et al.,
2011 & 2018).
1.4 Water Limitation
Fire suppression amplifies the effects of drought in forests. Denser forests faced
with acute drought become more susceptible to massive die-offs usually mediated by a
pathogen outbreak (Young et al., 2017). On the western slopes of the central and
southern Sierra Nevada, an extreme drought from 2012-2016 and pine beetle population
explosion initiated a large die-off of more than 100 million trees from mid-elevation mixed
conifer forests (Restaino et al., 2019; Stephens et al., 2018). There are well documented
increases in streamflow following tree reduction from beetle-kill,mechanical thinning, and
wildfire (Bearup, 2014; Robichaud, 2000; Pettit and Naiman, 2000). We can infer the
magnitude of how much water forests require from studies tracking water-balance with
fire severity, where increase in stream flow is proportional to fire severity and extent
(Saksa et al., 2017).
Reintroduction of fire offers a solution to reduce forest density to make way for
non-forest communities and increase water availability. A prime example hails from the
Illilouette Creek Basin (ICB) in Yosemite National Park that has been managed for
“natural fire” since 1972. In the last 40 years, conifer cover has decreased by 24%
making way an increase in shrubs 35%, sparse meadows 199%, and dense meadows
155%; the ICB basin has greater subsurface water storage than adjacent basins
(Boisrame et al., 2017). The results from the ICB support the hypothesis that nonforested vegetation types are impacted by forest densification and in a sense, are fire
limited. These findings raise critical questions. To what degree was the observed
increase in meadow area a result of direct on-site burning, or an indirect result of stand
density reduction upslope? If wildfire enhances available water, does that in turn alter
plant communities? Despite a recent push for land managers to consider the impact of
2

fire beyond burn perimeters as found in USFS Postfire Restoration Framework for
National Forests in California (Meyer et al., 2021), there is surprisingly little information
about vegetation responses to burning elsewhere. Given the documented occurrences
of post-fire hydrologic release and that many communities are limited by water, they are
likely impacted by fire that burns miles away.
Montane meadows are an ideal system to study the trickle down effects of fire.
They are embedded in forests and can indicate how hydrologic conditions, including
streamflow regimes, snowmelt, precipitation patterns, hillslope hydrology, groundwater
flow processes, and evapotranspirative water consumption are changing in upslope
forested areas (Lowry et al., 2011). The type of vegetation in meadows is predictably
linked to water level, and the herbaceous nature of this vegetation responds quickly to
hydrologic changes (Allen-Diaz, 1991; Dwire et al., 2004; Loheide et al., 2009, Loheide
and Gorelick 2007; Lowry et al., 2010).
1.5 Background
1.5.1 Definition of meadows
Montane meadows, herein referred to simply as meadows, are ecosystems with
fine-textured soils and dominated by perennial herbaceous plants adapted to a shallow
water table (Ratliffe, 1982 and 1985; Weixelman, 2011; Gross and Coppoletta, 2013).
The position of meadows on the landscape varies, but they are most commonly
positioned between upland forests and riparian systems. Water source and average
water table level throughout the growing season is a main driver of vegetation
composition in meadows (Johns et al., 2015, Allen-Diaz, 1991; Dwire et al., 2004; Lowry
et al., 2011; McIlroy and Allen-Diaz, 2012). Meadows function ecologically as sponges
by absorbing, retaining, and slowly releasing water.
1.5.2 Wetland indicator groups
Meadow species have different affinities to wetlands that are described in five
categories: Obligate wetland (OBL), facultative-wetland (FACW), Facultative (FAC),
Facultative-upland (FACU), and upland (UPL) (Table 1) (Harbert et al., 2019, Army
Corps of Engineers, 2020). The species list and respective categories were determined
by 80,000 votes from National and Regional Experts and their careful review of botanical
literature and best professional judgement; each plant species was assigned a
probability or frequency in which it was thought to occur in wetlands as opposed to nonwetlands across its entire range. Both the methods and the definitions have been
3

criticized. The qualitative nature of the definitions has been scrutinized in the literature
for assigning strict categorical definitions to dynamic species, lacking repeatability,
hosting bias, and lacking a quantitative base. Categories are inherently restrictive and
can oversimplify dynamic organisms and constrain a particular species to one habitat
type when in reality, that species could exist in an array of habitats. Despite the criticism,
the species list and respective definitions are reasonable have been found useful to
describe plant communities along elevational and hydrologic gradients (Dwire et al.,
2006; Loheide et al., 2009; Allen-Diaz, 1991).
Table 1 Definitions and examples of wetland indicator groups (Army Corps of Engineers,
2020)
Rating

Definition

Species Example

Obligate wetland (OBL)

99% occurrence in
wetlands
67-99% occur in
wetlands, occasionally
found in non-wetlands
34-66% occurrence in
wetlands, equally likely to
occur in non-wetlands
1-33 % found in
wetlands. Usually occur
in non-wetlands, but
occasionally found in
wetlands
1% occur in wetlands in
another region, but occur
almost always under
natural conditions in nonwetlands in the region
specified

Carex nebrascensis

Facultative wetland
(FACW)
Facultative (FAC)

Facultative upland
(FACU)

Upland (UPL)

Epilobium ciliatum

Poa pratensis

Achillea millefolium

Muhlenbergia rigens

1.5.3 Meadow ecosystem services
Meadows provide disproportionate ecosystem services relative to their size. In
the Sierra Nevada alone, they comprise <2% of the land area but support more wildlife
and plant diversity than any other habitat type (Kattleman and Embury, 1996). In the
Sierra Nevada, meadows have been identified as the top priority habitat for conservation
in order to safeguard an array of animal species, most notably the endangered and or
declining great gray owl, willow flycatcher, yosemite toad, and the mountain yellow
legged frog (Siegel and DeSante, 2003; Brown et al., 2015; Pope et al., 2019). These
montane systems provide habitat for 12 federally endangered plant species and 121
4

California rare plant species (California Native Plant Society Rare Plant Program, 2021).
Beyond each meadow’s individual value, the future connectivity of meadows across
forest landscapes is thought to be exceedingly important for animal populations to move
and persist given ongoing climate change (Moritz et al., 2013).
Functionally, meadows are important to society by providing valuable services
such as water filtration and retention, flood buffering, carbon-sequestration, and grazing
(Weixelman et al., 2011). These services are usually maximized in large wet meadows
dominated by obligate wetland plants. The majority of water supply in California is
sourced from mountain snowpack; as the snowpack melts, meadows serve as
“secondary reservoirs” that disperse timing and volume of water release (Lubetkin et al.,
2017). Meadows are also important carbon sinks. It has been estimated that Sierran
meadows store up to 12-31% of the soil organic carbon stocks in the region, more than
the surrounding forest (Norton et al., 2011 and 2014). Healthy meadows, which tend to
be wetter, are more effective sinks than degraded ones which are prone to releasing
carbon (Reed et al., 2020). Restoring meadows is an effective means to meet future
carbon reduction goals, ensure water quality, and promote plant and animal diversity
(Reed et al., 2020; Hunsaker et al., 2015; Hunt et al. 2018)
1.5.4 Threats to meadows
About 70% of the extant Sierran meadows have been degraded by both historical
and anthropogenic developments: railroad, culverts, stream diversions, dam building,
livestock grazing, and recreation (Hunsaker et al., 2015). With the additional threats of
extreme drought and altered fire behavior, meadows are considered one of the most
threatened habitats in the region (Loheide et al., 2009).Together, these stressors impact
meadow water availability, reducing the amount and increasing the speed in which water
passes through the system (McIlroy and Allen-Diaz, 2012). Obligate (OBL) and
facultative-wetland (FACW) plants signify a stable and saturated water table and the
observed region-wide decline of such species indicates changes in water-dynamics in
the meadow and the surrounding forest (Coppoletta and Gross, 2013; D. Weixelman,
USFS Range Ecologist, personal communication). When meadows become drier, they
also become vulnerable to woody encroachment that is otherwise prevented by
saturated soils that only wetland plants can tolerate (Cooper et al., 2006). Encroachment
by Pinus contorta ssp. murryana (Grev. and Balf.), hereafter lodgepole pine,
exacerbates drying conditions that furthers woody species recruitment into the meadow
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(Halpern and Swanson, 2009). The expansion of forests into meadows decreases the
size of the meadow and its ability to perform vital environmental services (Lubetkin et al.,
2017). Hydrologic flows connect meadows with upland forests; drying meadows indicate
less available water upslope which could be due in part to fire suppression (Lowry et al.,
2011). For example, meadows in the Oregon Cascades have declined about 50% from
1946-2000, due to a lack of fire associated with fire suppression (Takaoka, 2008).
Though no such official estimate of meadow area decline exists for California, it likely
mirrors the losses suffered in the Cascades. Climate projections of future extreme
drought threatens meadows and the plants found there; extant meadows are expected
to become drier and under threat of conversion to forest by the end of the 21st century
(Debinski et al., 2010; Lowry et al. 2011; Lubetkin et al. 2017).
Given the numerous threats and high values associated with meadow
ecosystems, land management agencies have made them a priority by granting
considerable funds to meadow restoration. In 2020 over 52 million dollars was awarded
to over 25 agencies attending to the acquisition, restoration, and monitoring of over
18,000 acres of meadows in California (Sierra Meadows Partnership Project Tracking
Results 2020). These projects all target the restoration of the meadows hydrology to
achieve loftier goals such as revegetation and improving wildlife habitat.
1.5.5 Fire ecology of meadows
Almost all work pertaining to meadows in California references the seminal work
of USFS Range Scientist Raymond Ratliffe, who in 1985 laid the groundwork for our
current understanding of fire in these systems. Ratliffe postulated that fire is critical to
meadow composition and maintenance. Fire directly maintains the forest-meadow
ecotone by killing colonizing trees and keeping meadow margins open. Fire can
indirectly promote meadow existence by reducing stand density in the watershed thus
allowing higher runoff into the meadow system further excluding the invasion of
surrounding forest. He also hypothesized that what occurs in a drainage basin greatly
affects meadow processes (Ratliffe, 1985). This hypothesis has been somewhat
supported by palynological and stratigraphic records that were compared between
meadows and adjacent forests, indicating both had been stable for the last 1200-10,000
years (Benedict, 1981)
Meadows are stable on a long term scale relative to the stability of surrounding
vegetation (Benedict 1981; Ratliffe 1985). Fire contributes to the stabilization of
6

meadows by maintaining meadow composition and structure (Norton and deLange,
2003). On a larger scale, shifting habitat mosaics are maintained by a combination of
fire, flooding, and recovery pathways (Kleindl et al., 2015). These recovery pathways are
supported by the rhizomatous, clonal, long-lived vegetation that is characteristic of wet
meadows. Several studies have tracked the recovery of burned meadows and found that
the characteristic dominant vegetation recovers quickly within the first year and the
composition and frequency of species is more or less stable after 3-4 years (DeBendetti
and Parsons, 1984; Norton and deLange, 2003; Willard et al., 1995; Jules et al., 2011).
Meadows embedded in fire suppressed forests are at risk of drying and being
invaded by surrounding woody vegetation that alter hydrology and facilitate further
invasion. Conifer encroachment along the forest-meadow ecotone dates back to the
suppression and/or elimination of fire (Norman and Taylor, 2005). There is convincing
evidence that the removal of competing conifers by fire or mechanical thinning increases
water availability and has little impact on the herbaceous species composition (Surfleet
et al., 2020; Frenzel, 2012). Maintaining meadow margins is necessary for proper
meadow functions such as water filtration, water storage, and soil formation (Soulard et
al., 2016; Ratliffe, 1985; DeBendetti and Parsons 1984.)
1.6 Study Objectives
The goals of this study are to examine 1) how wildfire, precipitation, meadow
type, and distance to fire impact compositional turnover and 2) identify any shifts in
community composition. We hypothesize that mortality, post-fire precipitation depending
on meadow type both influence compositional turnover, and the distance to fire will be
inconsequential to community turnover because the effect of an upslope reduction in
vegetation will have a stronger effect than a meadow being burned directly. We test
these hypotheses using a long term meadow monitoring data set from across California
(Figure 1). Geospatial methods were used to identify which meadow plots were sampled
before and after recent fires and to collect other topographic and climatic data. We then
curated the long term meadow monitoring data to describe changes in plant community
composition and tested whether the magnitude of change was predicted by tree
mortality, precipitation by meadow type, and distance to fire.
Understanding how meadows are influenced by direct and indirect fire is both
academic and practical. Large scale, severe wildfires are becoming more common in
California and there is increasing interest and funding for reintroducing fire into montane
7

forests, it could be useful to understand how wildfires affect these important meadow
ecosystems. Agency meadow conservation objectives that aim to maintain desirable
plant composition could incorporate the anticipate fire induced shifts into their
management tactics. Examining the secondary effects of fire in unburned communities
expands our understanding of fire impacts and gives us a more complete view of
watershed-scale forest dynamics (Bixby et al., 2015).

8

2. MATERIALS AND METHODS
2.1 Study area and sampling design
In 1999, the USDA Forest Service (USFS) started a long-term meadow
monitoring project in Region 5 for all National Forests with grazing programs including
the Cleveland, Los Padres, San Bernardino, Sequoia, Sierra, Stanislaus, Tahoe,
Plumas, Mendocino, Six Rivers, Shasta-Trinity, Klamath, Modoc, and Lassen National
Forests. Grazing on these lands is governed by U.S. Forest Service Range Management
that adheres to annual grazing standards set by the National Environmental Policy Act
(NEPA) title 36, volume 2, part 222.2, subpart A. The sampling design provides a
standardized system to determine ecological condition and long-term trend in meadow
sites (Weixelman et al., 2014). Within the meadow, permanent plots are placed in the
medium-wet area with a homogeneous plant community to better detect immediate
changes in vegetation. Vegetation data is collected for each plot every five years
providing a long term record of vegetation dynamics in that plot. Each plot serves as a
replicate in this study. Plots are formed by three parallel 25m transects spaced 5m apart.
Vegetation data is gathered for a 10 x 10cm quadrat that is placed at the beginning of
meters 1-10 and 15-25 for a total of 20 quadrats per transect and 60 quadrats per plot
(Figure 2). Vegetation data consists of “frequency” that is the presence (1) or absence
(0) of all species rooted within a 10 x 10 cm quadrat. Each meadow is given a broad
type definition of wet, mesic, or dry based on the relative proportions of wetland indicator
plants as described in Roche et al. 2012 (Table 2). The elevational range of the meadow
plots range from 1960 to 3273 m and span the latitudinal gradient of California (Figure
1).

9

Figure 1 Distribution of all meadow plots within the region (black), and meadow plots that
have been in burned catchments (red)

Figure 2 Frequency data collection plot layout (Weixelman, 2014)

10

Table 2 Definition of meadow type
Meadow Type

Definition

Photo

Dry

Comprised of a grass/forb
plant community, dominated
by upland (UPL) or facultativeupland (FACU) grasses and
FACU or FAC forbs

Mesic

Seasonally wet and dominated
by a mix of FAC or FACW
forbs and grasses and equal or
less amount of FACW or OBL
Carex species

Wet

Continuously flooded sites or
sites with a continuously high
water table and clearly
dominated by obligate wetland
Carex species

2.2 Geospatial Methods

Figure 3 (A) Projection of plots on map and building catchments in blue colors, (B)
Overlaying fire layers with according severity classes (red= high severity, dark orange =
11

moderate severity, orange= low severity, yellow = unburned to low severity, (C) and the
final product of burned catchments
2.2.1 Catchments
A catchment is a hydrological unit that can be calculated for any given point on
the landscape. It describes the area in which precipitation falls and converges to one
given point (Figure 3B). This study uses catchments to approximate the greater area of
upslope forest that could influence water-balance in meadow systems. Catchments
serve as the main unit in which we 1) identified meadows that were impacted by fire and
2) quantified the burn area, burn severity, 30-year normals, and postfire relative
precipitation. Individual catchments were created for all 751 meadow points using the
ArcGIS Pro Watersheds tool at a 0m snap distance. The catchments were compared to
HUC12 subwatershed units for quality assurance. Catchment size ranged from 0.0885 to
607.2 k㎡. Average catchment slope and the shortest distance from meadow point to fire
boundary were gathered with ArcGIS Pro. Because some catchments overlapped,
catchment was included as a random effect in all subsequent models.
2.2.2 Fire layers
Geospatial fire layers came in the form of yearly fire-severity mosaics and fire
perimeters for California which were downloaded for years 2000-2019 and then merged
into one layer in ArcGIS. Monitoring Trends Burn Severity (MTBS) geospatial burn
severity layers were chosen because they offered the only available fire maps for the
years of interest. MTBS rates fire severity using differenced normalized burn ratio
(dNBR) derived from Landsat imagery. Each 30m pixel within the fire boundary is
assigned a severity class based on the change in greenness after the fire. Classes are
as follows:
Table 3 Table with Burn severity classes and definitions
Severity Class

Definition

1. Unburned to Low

Mortality <5%

2. Low Burn Severity

Mortality 5-25%

3. Moderate Severity

Mortality 25-75%

4. High Burn Severity

Mortality 75-100%

5. Increased Greenness

Represents areas that burned but display
more vegetation cover, density, and/or
12

productivity, usually within one growing
season after fire
2.2.3 Burned catchments
We identified burned meadow-catchments by intersecting the fire layers with the
catchments finding 220 meadow-catchments that burned between the years 2000-2019.
Of the 220, there were 103 unique meadow plots that had been sampled before and
after the fire. The 103 meadow plots were positioned in 80 individual burned catchments.
Between the years 2000-2019 seventy-five of the meadow-catchments burned once, 28
burned multiple times. We combined the fire layers for those plot-catchments that
burned multiple times yielding catchment burn percentages over 100%. The percentage
area of catchments burned ranged from 0.002% - 113.2%, and the overlap between the
catchment and fires range from 0.0018 km - 37.5 km. Distance from the plot marker to
the closest fire boundary was calculated. Thirty-five of the plots were within fire boundary
(i.e., distance of zero) with the remaining 68 plots 0.01-16.38 km from the fire perimeter.
2.2.4 Weighted burned area
We estimated the area of 100% mortality from the whole burn area using the
MTBS fire severity classes. To do this, the total area (k㎡) for each burn severity class
of 1-5 was summed and weighted per the median-mortality value (e.g., severity class 3
is estimated to have 25-75% mortality so the middle value is 50%). Each weighted area
was summed to estimate the total area of 100% mortality within the catchment (Table
3.).
Table 4 Method of calculating mortality
Severity

1+5

Mortality

0-5%

Mortality
midpoint
Km Burned

Weighted

2
5-25%

3
25-75%

75+%

2.5

15

50

1

1

1

(1km)*.025 =
0.025
1*.15 = .15

1*.50=.5
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4

87.5 Totals
1 4 km
.025+.15+.5+
.875= 1.55
km of ≈100%
1*.875 = .875 mortality

2.2.5 Climate data
Precipitation data was provided by the PRISM Climate Group which creates
800m climate-elevation models from weather station data (PRISM Climate Group, 2020).
Thirty-year-normals from 1991-2020 and monthly precipitation values were downloaded
for years 1981-2019. The monthly values were summed to estimate yearly precipitation
values. We used the “summarize table” function in ArcPro to intersect the meadowcatchments with yearly precipitation and 30-year-normals to obtain catchment-level
precipitation data. Postfire relative-precipitation was calculated using R-studio by
calculating the mean annual precipitation for the years in between fire and post-fire
monitoring, and then dividing by the 30-year normal for that catchment. Postfire relative
precipitation value of 1.0 = 100% of the average rainfall for the years following fire is the
same as the 30-year-normal. Relative precipitation percentage minimum = 0.475,
maximum = 1.447, mean = 0.863.
2.2.6 Describing community functional type and turnover
Pre and postfire vegetation frequency data for the 103 plots was curated to better
interpret community changes. All species names were updated to the most current
according to Jepson Eflora (Jepson Project, 2021). Any species that was identified to the
level of subspecies or varietiy was simplified to species level. The updated species
names were assigned to one of five “Wetland Indicator Groups” using the definitions
from the Region 5 Plant Guide for Resource Managers (Lorenzana et al., 2017). The
wetland indicator groups include Obligate wetland (OBL), facultative-wetland (FACW),
Facultative (FAC), Facultative-upland (FACU), and upland (UPL) (Table 2). Any species
that lacked a definition in this Guide was cross referenced by the list maintained by the
Army Corps of Engineers (Army Corps of Engineers, 2020). There was a total of 553
species with wetland indicator definitions and 153 plants that were identified only to the
level of genus and thus not categorized into a wetland indicator group. The
uncategorized groups comprised 5.23% of the data were omitted from further analysis.
The total occurrences for each wetland indicator group across the 60 quadrats were then
summed. Bray-Curtis dissimilarity index was calculated with the vegdist function from the
Vegan package to describe the wetland indicator group turnover in each plot after fire
(Oksanen et al., 2016). Bray-Curtis dissimilarity captures the difference in pair-wise
species abundances and serves as our primary response variable, hereon referred to as
“compositional turnover,” the values ranged from max= 0.590, min=0.042, mean=0.219
(Ricotta and Podanni, 2017).
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2.3 Analysis
2.3.1 Assessing predictors of compositional change
Compositional turnover was estimated using Bray-Curtis index. We made a fixed effect
linear model to test whether compositional turnover was predicted by mortality, an
interaction with postfire relative precipitation and meadow type, and distance to fire.
Catchment ID was initially included as a random effect to account for plots that share
catchments (n=41), but the number of shared catchments was insufficient to estimate
random effects and approached singularity, so we present a simplified linear fixed effect
model.

2.3.2 Ordination of pre and postfire communities
To visualize differences in pre and postfire communities, we performed a method
of ordination, “non-metric multidimensional scaling” (NMDS) with the metaMDS and
envfit in the Vegan package. NMDS ordination uses rank orders to define the positions
of a site in the NMDS space, and demonstrates the gains or losses of any particular
group relative to the rest. Envfit was used to identify which wetland indicator groups
were driving the change based on the ordination scores. We created separate NMDS
plots according to meadow type and predicted that increases in Obligate and Facultative
wetland groups would be greatest in mesic meadows. Meadows on the wet-end of the
spectrum are expected to display the least amount of change in any of the groups. Dry
meadows are the most stochastic of the three meadow types; they lack groundwater so
all moisture is dependent on yearly precipitation and they tend to have much higher
diversity so we expect that dry meadows would change the most in composition after
fire.
2.3.3 Assessing shifts in particular groups
To test which wetland indicator groups may be more responsive to mortality we
calculated the difference between pre and postfire frequency for each group,
“ΔFrequency”. We tested the Δ’s as a response variable mortality (k㎡), group(n=5), and
their interaction as predictors. Plot was included as a random effect. We used mixed()
function from the afex R package to summarize the overall effect of group (Singmann et
al., 2021).
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3. RESULTS
3.1 Assessing predictors of compositional change
Community turnover was positively and significantly predicted by mortality (
F=4.31, p=0.041), but not by distance to fire (F=0.49, p=0.4872), postfire precipitation
(F=0.52, p=0.471), meadow type (F=0.52, p=0.598), or the interaction term between
precipitation and meadow type (F=0.29. p=0.75) (Table 5). This model validated two of
our three hypotheses. First, mortality in a catchment influences meadow compositional
change (Figure 4). Second, the non-relationship between the distance of the plot to the
fire boundary was consistent with the prediction that the effects of upslope burn would
be more influential than a burn directly within the meadow. We suspected that postfire
relative precipitation would play an important part in meadow “recovery” because we
assumed most of the meadow sites and their catchments were water limited, and
relative precipitation was found to be a strong predictor of plant compositional change in
the same meadow data previously (Oles et al., 2017). Linear model results did not
support that assumption. It is possible that precipitation wasn’t influential because the
reduction of upslope vegetation cover yielded a sufficient release of water to mask any
benefit postfire precipitation may have had.
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Figure 4 Effects of 100% Mortality (k㎡), Postfire Relative Precipitation (%), distance to
fire perimeter (km), and Meadow Type on compositional turnover calculated with BrayCurtis Dissimilarity Index. The blue line represents the significant relationship between
the turnover and mortality, the shaded area represents confidence intervals.
Compositional turnover was significantly and positively affected by mortality, but not
postfire relative precipitation, meadow type, or distance to fire perimeter.

Table 5 Results from linear mixed effects models and linear models testing relationship
between Wetland Indicator Turnover (Bray-Curtis) to Mortality (k㎡), Relative
Precipitation (%), Meadow type, Meadow distance to fire (km).
Fixed Effects

df

F

Pr

Mortality (k㎡)

95

4.31

0.041

Relative.Precipitation (%)

95

0.52

0.471

Meadow distance (k㎡)

95

0.49

0.4872

Meadow Type (3 levels)

95

0.52

0.598

Interaction Meadow Type X Relative
Precipitation

95

0.29

0.75

3.2 Ordination of pre and postfire communities
Overall the NMDS visuals suggest that postfire communities generally lose
groups, the postfire polygon is smaller than the prefire polygon (Figure 5). For all
meadows there appears to be a reduction in upland, Facultative-upland, and Facultative
group rank. Compositional differences in dry meadows (n=10) was most strongly driven
by increases in upland and decreases in both Obligate wetland and Facultative-upland
groups (Figure 6). Mesic meadows (n=71) displayed reductions of drier upland and
Facultative-upland groups in favor of Obligate and facultative-wetland groups, the
Facultative group changed little (Figure 6). Wet meadows (n=23) gave the most
surprising results in opposition to our hypothesis which predicted end of the wetspectrum would display the smallest change after fire. In fact, the pre and postfire
polygons showed the most displacement compared to mesic or dry meadows. Wet
meadows appeared to gain membership in all groups with the exception of Facultative
groups. The compositional change in wet meadows was driven most strongly in order by
upland, Obligate wetland, Facultative-upland, Facultative, and then facultative-wetland
groups (Figure 6).
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Figure 5 NMDS ordination depicting the changes in rank of wetland indicator groups
between all pre (red) and postfire (gray) samples, dark red is the overlap between the
pre and postfire samples. Vectors were produced using the envfit function. OBL =
Obligate wetland, FACW = facultative-wetland, FAC = Facultative, FACU = Facultativeupland, UPL = upland (Oksanen et al., 2016).

Figure 6 NMDS ordination depicts the changes in relative frequency of wetland indicator
groups between all pre (red) and postfire (gray) samples. Vectors were produced using
the envfit function (Oksanen et al., 2016).
3.3 Assessing shifts in particular groups
There was no significant relationship found between ΔFrequency and the
interaction between wetland indicator group (5 levels) and mortality (k㎡) (Table 6).
Though no significant relationship was found, the regression plot (Figure 7) is consistent
with our hypotheses where Obligate, facultative-wetland, and Facultative groups
responded positively to increasing mortality, whereas upland and Facultative-upland
groups declined.
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Table 6 Results of linear mixed effect model testing the relationship between the change
in group frequency from before and after fire and the interaction between mortality (k㎡)
and wetland indicator group.
Predictor

df

F

p-value

Mortality (k㎡)

1, 95.11

0.22

0.642

Wetland Indicator
Group

4, 401.66

1.32

0.262

Mortality (k㎡) X
Group

4, 401.66

0.62

0.645

Figure 7 Relationship between mortality (k㎡) and the change in frequency of each
wetland indicator group.
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4. DISCUSSION
4.1 Overview
We examined how mortality, proximity to the fire boundary, relative precipitation,
and meadow type influenced compositional turnover in 103 meadow plots across
California. The results reflect real changes in meadows over the last twenty years. We
find that high mortality fires burning in the surrounding catchment increases
compositional turnover regardless of the proximity to the fire boundary. Despite the
strong connection between fire and vegetation change, there was no significant
relationship between any particular wetland indicator group and mortality. There are
however, directional trends where the frequency of Obligate wetland, Facultative,
facultative-wetland species increases with higher mortality fires while upland and
Facultative-upland frequency declines (Figure 7). While this supports our hypothesis,
without a significant change in wetland indicator group frequency, we cannot draw
conclusions on whether these meadow sites get wetter or drier after fire. The lack of
obvious trends is likely because variation between meadow (vegetation community,
history, current management, landscape position, fire history, etc.) were too high to
discern a pattern. We are also somewhat limited in our ability to comment on changes in
dominance using the frequency data, which collects species presence in a binary
fashion but doesn’t readily describe dominance (cover %, density (stems/quadrat) or
vigor (height cm). Meadow sites that already have a large obligate wetland component
might not change substantially in composition from fire as they are likely to change in
dominance or vigor. Estimates of cover %, density (stems/quadrat), or vigor (cm) may
better elucidate our hypotheses in future research.
The number of meadows affected by fire will continue to climb as fire behavior is
expected to escalate in future hotter and drier climate scenarios (Abatzoglou et al.,
2020). The 2020 fire season added on 43 plots (Figure 8) and in 2021, 26 were burned
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in the 2021 Dixie fire alone. The true numbers of meadows affected by these fires are far
greater as they are connected by burned watersheds. We can expect that compositional
change will increase with more frequent and severe fires.

Figure 8 The number of burned meadow plots (within fire perimeters) from years 19992020. The number of meadows connected to burned watersheds and affected by fire are
far greater than depicted here.
4.2 Mortality
We hypothesized that mortality would have a stronger relationship to
compositional turnover than the area of burned catchment because it represents fire
extant and fire severity. However, in an initial exploratory analysis, the area of burned
catchment was a stronger predictor. One possible explanation is that surface burns
beneath in-tact canopy are masked from satellites so that changes in understory
vegetation are undetected. This scenario would identify understory vegetation as posing
a significant draw on available water in the catchment.
4.3 Precipitation
Though we did not find post-fire precipitation to be a useful predictor of
compositional change, climate will continue to change and affect vegetation dynamics. A
previous study using this dataset found a significant relationship between the decline in
obligate wetland frequency and below-average precipitation (Oles et al., 2017). Declines
in obligate species translate to a lower meadow health score according to USFS rating
methods and suggests that meadows are drying out. This study found that fire does not
reduce obligate wetland frequency, therefore we could tentatively conclude that fire does
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not pose a significant risk to meadow health under USFS rating systems. It may be
possible that fire ameliorates the effects of drought by reducing the number of trees on
the landscape and the amount of water they require.
4.4 Distance to fire
To our knowledge, there has been no study to date that has tied the effects of fire
to vegetation response outside of fire perimeters: about ⅓ of the plots were within the
fire boundary and the remaining ⅔ outside of the boundary. We expect that fire would be
more impactful by burning the catchment of the meadow than the meadow itself. Inside a
meadow, the effects of fire tend to be superficial, only removing dry and dead thatch and
having no effect on composition (Frenzel, 2012). Fire can indirectly impact a meadow by
altering water balance in the catchment by means of evapotranspiration, shading,
infiltration, and soil hydrophobicity. There was no significant difference in vegetation
response from plots within the fire boundary and those outside of it. From these results
we can surmise that fire effects span beyond the burn boundary which has been
identified as an important consideration in Forest Management Plans (Meyer et al.,
2021). This study demonstrates the effective use of a catchment or subwatershed as a
useful unit in which to connect different vegetation types. Land managers tasked with
meadow restoration should expand efforts to the whole catchment rather than limit them
to just the meadow boundaries. Associating vegetation change to fire miles away is an
unsurprising but important determination and should galvanize land managers to adopt
holistic management tactics that acknowledge the cascading effects of thinning, burning,
masticating, restoration efforts in the watershed or catchment.
4.5 Conclusion
Meadow systems are arguably the most important montane ecosystem in terms
of habitat and ecosystem services. Existing meadows are threatened by both historic
and current land use as well as increasing drought conditions. Whether or not fire is
beneficial or detrimental to meadows remains to be seen. According to USFS rating
methods where high obligate wetland frequency meadows are the healthiest, over the
twenty year period some meadow health scores increased and others declined. Since
the distinction between meadows that benefitted or were harmed weren’t easily
separated by fire, precipitation, meadow type, or distance to fire, it seems probable that
gains or losses of obligate wetland frequency is more site specific. The observed
changes in composition are otherwise better explained by each meadow’s unique

22

history, form, and function; each of these characteristics are highly influential on
vegetation dynamics at the local level. We suggest that forest management practices be
used in concert with meadow restoration, and that true meadow restoration considers
upslope forest dynamics.

23

REFERENCES
Abatzoglou, J. T., Juang, C. S., Williams, A. P., Kolden, C. A., & Westerling, A. L.
(2021). Increasing synchronous fire danger in forests of the western United
States. Geophysical Research Letters, 48, e2020GL091377.
https://doi.org/10.1029/2020GL091377
Airey Lauvaux, C., Skinner, C. N., & Taylor, A. H. (2016). High severity fire and mixed
conifer forest-chaparral dynamics in the southern Cascade Range, USA. Forest
Ecology and Management, 363, 74–85.
https://doi.org/10.1016/j.foreco.2015.12.016
Allen, Iris; Chhin, Sophan; Zhang, Jianwei. 2019. Fire and forest management in
montane forests of the northwestern states and California, USA. Fire. 2(2): 17.
https://doi.org/10.3390/fire2020017.
Allen-Diaz, B.H., 1991, Water Table and Plant Species Relationships in Sierra Nevada
Meadows: American Midland Naturalist, v. 126, p. 30, doi: 10.2307/2426147.
U.S. Army Corps of Engineers 2020. National Wetland Plant List, version 3.5
http://wetland-plants.usace.army.mil/
Bales, R. C., Goulden, M. L., Hunsaker, C. T., Conklin, M. H., Hartsough, P. C., O’Geen,
A. T., Hopmans, J. W., & Safeeq, M. (2018). Mechanisms controlling the impact
of multi-year drought on mountain hydrology. Scientific Reports, 8(1), 690.
https://doi.org/10.1038/s41598-017-19007-0
Bales, R. C., J. J. Battles, Y. Chen, M. H. Conklin, E. Holst, K. L. O’Hara, P. Saksa, and
W. Stewart. 2011. Forests and water in the Sierra Nevada: Sierra Nevada
watershed ecosystem enhancement project. Sierra Nevada Research Institute
Report 11. Sierra Nevada Research Institute, Merced, Cali- fornia, USA.
Barbour, M. G., Keeler-Wolf, T., & Schoenherr, A. A. (Eds.). (2007). Terrestrial
Vegetation of California, 3rd Edition (1st ed.). University of California Press.
http://www.jstor.org/stable/10.1525/j.ctt1pnqfd
Barth, M. A. F., Larson, A. J., & Lutz, J. A. (2015). A forest reconstruction model to
assess changes to Sierra Nevada mixed-conifer forest during the fire
suppression era. Forest Ecology and Management, 354, 103–118.
https://doi.org/10.1016/j.foreco.2015.06.030
Bates D, Mächler M, Bolker B, Walker S (2015). “Fitting Linear Mixed-Effects Models
Using lme4.” Journal of Statistical Software, 67(1), 1–48. doi:
10.18637/jss.v067.i01.
Bearup, L., Maxwell, R., Clow, D. et al. Hydrological effects of forest transpiration loss in
bark beetle-impacted watersheds. Nature Clim Change 4, 481–486 (2014).
https://doi.org/10.1038/nclimate2198
Benedict, N. B. (1981). The Vegetation And Ecology Of Subalpine Meadows Of The
Southern Sierra Nevada, California (Order No. 8200489). Available from
ProQuest One Academic. (303120281). Retrieved from
http://ezproxy.lib.calpoly.edu/login?url=https://www.proquest.com/dissertations24

theses/vegetation-ecology-subalpine-meadows-southern/docview/303120281/se2?accountid=10362
Bixby, R. J., Cooper, S. D., Gresswell, R. E., Brown, L. E., Dahm, C. N., & Dwire, K. A.
(2015). Fire effects on aquatic ecosystems: An assessment of the current state of
the science. Freshwater Science, 34(4), 1340–1350.
https://doi.org/10.1086/684073
Boisramé, G.F.S., S.E. Thompson, M. Kelly, J. Cavalli, K.M. Wilkin, and S.L. Stephens.
2017a. Vegetation change during 40 years of repeated managed wildfires in the
Sierra Nevada, California. Forest Ecology and Management 402:241–252.
https://doi.org/10.1016/j.foreco.2017.07.034
Bouldin, James Robert. University of California, Davis. ProQuest Dissertations
Publishing, 1999. 9940082.
Bowman, D. M. J. S., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., Cochrane, M.
A., D’Antonio, C. M., DeFries, R. S., Doyle, J. C., Harrison, S. P., Johnston, F.
H., Keeley, J. E., Krawchuk, M. A., Kull, C. A., Marston, J. B., Moritz, M. A.,
Prentice, I. C., Roos, C. I., Scott, A. C., … Pyne, S. J. (2009). Fire in the Earth
System. Science, 324(5926), 481–484. https://doi.org/10.1126/science.1163886
Brown, C., Hayes, M.P., Green, G.A., Macfarlane, D.C., Lind, A. Yosemite Toad
Conservation Assessment. United States Forest Service Pacific Southwest
Region. January 2015.
Brown, J.K., and J.K. Smith (eds.). 2000. Wildland Fire in Ecosystems: Effects of Fire on
Flora. General Technical Report RMRS-GTR-42-volume 2. Ogden, Utah: U.S.
Forest Service, Rocky Mountain Research Station. December
California Native Plant Society, Rare Plant Program. 2021. Inventory of Rare and
Endangered Plants of California (online edition, v9-01 0.0). Website
https://www.rareplants.cnps.org [July 15, 2021].
Conard, S. G., & Radosevich, S. R. (1982). POST-FIRE SUCCESSION IN WHITE FIR
(ABIES CONCOLOR) VEGETATION OF THE NORTHERN SIERRA NEVADA.
Madroño, 29(1), 42–56. http://www.jstor.org/stable/41426158
Cooper, D. J., Lundquist, J. D., King, J., Flint, L., Wolf, E., & Lott, F. C. (2006). Effects of
the Tioga Road on Hydrologic Processes and Lodgepole Pine Invasion into
Tuolumne Meadows, Yosemite National Park. 146.
DeBenedetti and Parsons. 1984. Postfire Succession on a Sierran Subalpine Meadow.
Amer. Midl. Nat. 111(1): 118-125
Debinski, D. M., Wickham, H., Kindscher, K., Caruthers, J. C., & Germino, M. (2010).
Montane meadow change during drought varies with background hydrologic
regime and plant functional group. Ecology, 91(6), 1672–1681.
https://doi.org/10.1890/09-0567.1
Dolanc, C.R., Safford, H.D., Dobrowski, S.Z. and Thorne, J.H. (2014), Twentieth century
shifts in abundance and composition of vegetation types of the Sierra Nevada,
CA, US. Appl Veg Sci, 17: 442-455. https://doi.org/10.1111/avsc.12079
25

Dwire, K. A., Kauffman, J. B., Brookshire, E. N. J., & Baham, J. E. (2004). Plant biomass
and species composition along an environmental gradient in montane riparian
meadows. Oecologia, 139(2), 309–317. https://doi.org/10.1007/s00442-0041498-2
Frenzel, Erik. (2012).Using prescribed fire to restore tree-invaded mountain meadows: a
case study from the Lake Tahoe Basin, California and Nevada USA. Unpublished
MS Thesis. UC Davis
Gross, S., & Coppoletta, M. (2013). Historic Range of Variability for Meadows in the
Sierra Nevada and South Cascades. 64.
Halpern, C.B.; Swanson, F.J. Restoring Mountain Meadows: Using Fire, Vegetation, and
Fuel Management. Western Oregon. Fire Sci. Brief 2009, 75, 1–6
Harbert, B., Lichvar, R., & Goulet, J. (2019). Review of landscape data available to
evaluate the accuracy of wetland indicator status ratings. Engineer Research and
Development Center (U.S.). https://doi.org/10.21079/11681/34483
Hunsaker C, Swanson S, McMahon A, Viers J, Hill B. 2015. Effects of Meadow Erosion
and Restoration on Groundwater Storage and Baseflow in National Forests in the
Sierra Nevada, California. USDA Forest Service Pacific Southwest Region.
Vallejo, California
<https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fseprd589181.pdf>
Hunt, L.J.H., Fair, J., and Odland, M.. 2018. “ Meadow Restoration Increases Baseflow
and Groundwater Storage in the Sierra Nevada Mountains of California.” Journal
of the American Water Resources Association 54 ( 5): 1127– 1136.
https://doi.org/10.1111/1752-1688.12675.
Jepson Flora Project (eds.) 2021. Jepson eFlora, https://ucjeps.berkeley.edu/eflora/
[accessed on Dec 13, 2021]
Johns, C. V., Brownstein, G., Fletcher, A., Blick, R. A. J., & Erskine, P. D. (2015).
Detecting the effects of water regime on wetland plant communities: Which plant
indicator groups perform best? Aquatic Botany, 123, 54–63.
https://doi.org/10.1016/j.aquabot.2015.02.002
Jules, E. S., Ellison, A. M., Gotelli, N. J., Lillie, S., Meindl, G. A., Sanders, N. J., &
Young, A. N. (2011). Influence of fire on a rare serpentine plant assemblage: A 5‐
year study of Darlingtonia fens. American Journal of Botany, 98(5), 801–811.
https://doi.org/10.3732/ajb.1000437
Kattleman, R. and M. Embury. 1996. Riparian areas and wetlands. In: Status of the
Sierra Nevada, Sierra Nevada ecosystem project: final report to Congress.
Center for Water and Wildland Resources, University of California, Davis. Vol.
III:201-267.
Keeley, J., Bond, W., Bradstock, R., Pausas, J. G., & Rundel, P. (2011). Fire in
Mediterranean Ecosystems; Ecology, Evolution and Management. Fire in
Mediterranean Ecosystems: Ecology, Evolution and Management, 1–515.
https://doi.org/10.1017/CBO9781139033091
26

Kilgore, B. (1973). The Ecological Role of Fire in Sierran Conifer Forests: Its Application
to National Park Management. Quaternary Research, 3(3), 496-513.
doi:10.1016/0033-5894(73)90010-0
Kleindl, W., M.C. Rains, L. Marshall, and F.R. Hauer. 2015. Fire and flood expand the
floodplain shifting habitat mosaic concept. Freshwater science 34:1029-103
Loheide, S. P., Deitchman, R. S., Cooper, D. J., Wolf, E. C., Hammersmark, C. T., &
Lundquist, J. D. (2009). A framework for understanding the hydroecology of
impacted wet meadows in the Sierra Nevada and Cascade Ranges, California,
USA. Hydrogeology Journal, 17(1), 229–246. https://doi.org/10.1007/s10040008-0380-4
Loheide, Steven & Gorelick, Steven. (2007). Riparian hydroecology: A coupled mofdel of
the observed interactions between groundwater flow and meadow vegetation
patterning. Water Resources Research. 43. 10.1029/2006WR005233.
Lorenzana, J., Weixelman, D., Gross, S. 2017. Plant Guide for Resource Managers.
United States Forest Service Pacific Southwest region. R5-TP-042.
Lowry, C. S., S. P. Loheide II, C. E. Moore, and J. D. Lundquist (2011), Groundwater
controls on vegetationcomposition and patterning in mountain meadows,Water
Resour. Res.,47, W00J11, doi:10.1029/2010WR010086.
Lowry, C.S., Deems, J.S., Loheide II, S.P. and Lundquist, J.D. (2010), Linking snowmeltderived fluxes and groundwater flow in a high elevation meadow system, Sierra
Nevada Mountains, California. Hydrol. Process., 24: 2821-2833.
https://doi.org/10.1002/hyp.7714
Lubetkin, K.C., Westerling, A.L. and Kueppers, L.M. (2017), Climate and landscape drive
the pace and pattern of conifer encroachment into subalpine meadows. Ecol
Appl, 27: 1876-1887. https://doi.org/10.1002/eap.1574
Lüdecke D, Ben-Shachar M, Patil I, Waggoner P, Makowski D (2021). “performance: An
R Package for Assessment, Comparison and Testing of Statistical Models.”
Journal of Open Source Software, 6(60), 3139. doi: 10.21105/joss.03139.
McIlroy, S. K., & Allen-Diaz, B. H. (2012). Plant community distribution along water table
and grazing gradients in montane meadows of the Sierra Nevada Range
(California, USA). Wetlands Ecology and Management, 20(4), 287–296.
https://doi.org/10.1007/s11273-012-9253-7
McKinney, S.T. Systematic review and meta-analysis of fire regime research in
ponderosa pine (Pinus ponderosa) ecosystems, Colorado, USA. fire ecol 15, 38
(2019). https://doi.org/10.1186/s42408-019-0056-6
McLauchlan, KK, Higuera, PE, Miesel, J, et al. Fire as a fundamental ecological process:
Research advances and frontiers. J Ecol. 2020; 108: 2047– 2069.
https://doi.org/10.1111/1365-2745.13403
Meyer, M.D.; Long, J.W.; Safford, H.D., eds. 2021. Postfire restoration framework for
national forests in California. Gen. Tech. Rep. PSW-GTR-270. Albany, CA: U.S.
27

Department of Agriculture, Forest Service, Pacific Southwest Research Station.
204 p.
Moritz, C., S. R. Beissinger, S. P. Maher, and T. L. Morelli. Determining Landscape
Connectivity and Climate Change Refugia Across the Sierra Nevada. Museum of
Vertebrate Zoology, University of California Berkeley. Report. June 28, 2013.
Murphy, B.P., Bradstock, R.A., Boer, M.M., Carter, J., Cary, G.J., Cochrane, M.A.,
Fensham, R.J., Russell-Smith, J., Williamson, G.J. and Bowman, D.M.J.S.
(2013), Fire regimes of Australia: a pyrogeographic model system. J. Biogeogr.,
40: 1038-1058. https://doi.org/10.1111/jbi.12065
Norman, S. P., & Taylor, A. H. (2005). Pine forest expansion along a forest-meadow
ecotone in northeastern California, USA. Forest Ecology and Management,
215(1–3), 51–68. https://doi.org/10.1016/j.foreco.2005.05.003
North, Malcolm; Chen, Jiquan; Oakley, Brian; Song, Bo; Rudnicki, Mark; Gray, Andrew;
Innes, Jim. 2004. Forest stand structure and pattern of old-growth western
hemlock/Douglas-fir and mixed-conifer forests. Forest Science, Vol. 50(3): 299311
Norton, D., & De Lange, P. (2003). Fire and Vegetation in a Temperate Peat Bog:
Implications for the Management of Threatened Species. Conservation Biology,
17(1), 138-148. Retrieved May 19, 2021, from
http://www.jstor.org.ezproxy.lib.calpoly.edu/stable/3095280
Norton JB, Jungst LJ, Norton U, Olsen HR, Tate KW, Horwath. WR. 2011. Soil carbon
and nitrogen storage in Upper Montane Riparian Meadows. Ecosystems
14:1217–31.
Norton JB, Olsen HR, Jungst LJ, Legg DE, Horwath WR. 2014. Soil carbon and nitrogen
storage in alluvial wet meadows of the Southern Sierra Nevada Mountains, USA.
J Soils Sediments 14:34–43.
Oles, Kristin & Weixelman, Dave & Lile, David & Tate, Kenneth & Snell, Laura & Roche,
Leslie. (2017). Riparian Meadow Response to Modern Conservation Grazing
Management. Environmental management. 60. 10.1007/s00267-017-0897-1.
Oksanen J, Blanchet FG, Roeland Kindt P et al. (2016) Vegan:Community Ecology
Package (R package version 2.3-5). Available at: https://CRAN.Rproject.org/package=vegan.
Parsons, D. J., & DeBenedetti, S. H. (1979). Impact of fire suppression on a mixedconifer forest. Forest Ecology and Management, 2, 21–33.
https://doi.org/10.1016/0378-1127(79)90034-3
Pettit, N.E., Naiman, R.J. Fire in the Riparian Zone: Characteristics and Ecological
Consequences. Ecosystems 10, 673–687 (2007).
https://doi.org/10.1007/s10021-007-9048-5
Pope, Karen; Yarnell, Sarah; Piovia-Scott, Jonah. 2019. How to make meadow
restoration work for California’s mountain frogs? Proceedings of the 4th Joint
28

Federal Interagency Sedimentation and Hydrologic Modeling Conference, Reno,
NV. 4 p.
PRISM Climate Group, Oregon State University, https://prism.oregonstate.edu, data
created 4 Feb 2014, accessed 16 Dec 2020.
Ratliffe, R.D. 1985. Meadows in the Sierra Nevada of California: State of knowledge.
General Technical Report PSW-84. USDA Forest Service, Pacific Southwest
Research Station, Berkeley, CA, US. https://doi. org/10.2737/PSW-GTR-84
Reed, C.C., A.G. Merrill, W.M. Drew, B. Christman, R. Hutchinson, L. Keszey, M. Odell,
S. Swanson, P.S.J. Verburg, J. Wilcox, S.C. Hart, B.W. Sullivan. Montane
Meadows: A Soil Carbon Sink or Source? Ecosystems, published online,
November 2020 DOI: 10.1007/s10021-020-00572-x
Restaino, C., Young, D., Estes, B., Gross, S., Wuenschel, A., Meyer, M., and Safford,
H.. 2019. Forest structure and climate mediate drought-induced tree mortality in
forests of the Sierra Nevada, USA. Ecological Applications 29( 4):e01902.
10.1002/eap.1902
Roche, L. M., Latimer, A. M., Eastburn, D. J., & Tate, K. W. (2012). Cattle Grazing and
Conservation of a Meadow-Dependent Amphibian Species in the Sierra Nevada.
PLOS ONE, 7(4), e35734. https://doi.org/10.1371/journal.pone.0035734
Robichaud, P.R., Fire effects on infiltration rates after prescribed fire in Northern Rocky
Mountain forests, USA, Journal of Hydrology, Volumes 231–232, 2000, Pages
220-229, ISSN 0022-1694, https://doi.org/10.1016/S0022-1694(00)00196-7.
Saksa, P. C., Conklin, M. H., Battles, J. J., Tague, C. L., and Bales, R. C. (2017), Forest
thinning impacts on the water balance of Sierra Nevada mixed-conifer headwater
basins, Water Resour. Res., 53, 5364– 5381, doi:10.1002/2016WR019240.
Siegel, R. B., & DeSANTE, D. F. (2003). BIRD COMMUNITIES IN THINNED VERSUS
UNTHINNED SIERRAN MIXED CONIFER STANDS. The Wilson Bulletin,
115(2), 155–165. https://doi.org/10.1676/02-103
Sierra Meadows Partnership. 2021. Sierra Meadows Partnership Project Tracking
Results 2020. https://www.sierrameadows.org/our-work
Singmann, H.,Bolker, B., Westfall, K., Aust, F., en-Shachar, M. (2021). afex: Analysis of
Factorial Experiments. R package version 1.0-1.https://CRAN.Rproject.org/package=afex
Soulard C.E, Albano C.M, Miguel L. Villarreal 1 and Jessica J. Walker 1 Continuous
1985–2012 landsat monitoring to assess fire effects on meadows in Yosemite
National Park, California. Remote Sens (Basel) 8: 371
Stephens, Scott L; Collins, Brandon M; Fettig, Christopher J; Finney, Mark A; Hoffman,
Chad M; Knapp, Eric E; North, Malcolm P; Safford, Hugh; Wayman, Rebecca B.
2018. Drought, Tree Mortality, and Wildfire in Forests Adapted to Frequent Fire.
BioScience. 68(2): 77-88. https://doi.org/10.1093/biosci/bix146.

29

Stephenson, N. L. (1999). Reference conditions for giant sequoia forest restoration:
structure, process, and precision. Ecological Applications, 9(4), 1253–1265.
https://doi.org/10.1890/1051-0761(1999)009[1253:RCFGSF]
Surfleet, C., Fie, N., & Jasbinsek, J. (2020). Hydrologic Response of a Montane Meadow
from Conifer Removal and Upslope Forest Thinning. Water, 12(1), 293.
https://doi.org/10.3390/w12010293
Takaoka, S., & Swanson, F. J. (2008). Change in Extent of Meadows and Shrub Fields
in the Central Western Cascade Range, Oregon∗. The Professional Geographer,
60(4), 527–540. https://doi.org/10.1080/00330120802212099
Taylor, A. H. (2004). Identifying forest reference conditions on early cut-over lands, Lake
Tahoe Basin, USA. Ecological Applications, 14(6), 1903–1920.
https://doi.org/10.1890/02-5257
Vankat, J. L., & Major, J. (1978). Vegetation Changes in Sequoia National Park,
California. Journal of Biogeography, 5(4), 377–402.
https://doi.org/10.2307/3038030
van Wagtendonk, J. W. 1985. Fire suppression effects on fuels and succession in shortfire-return interval wilderness ecosystems. Pages 119–126 in: J. E. Lotan, B. M.
Kilgore, W. C. Fischer, and R. W. Mutch, technical coordinators. Proceedings
Symposium and Workshop on Wilderness Fire. USDA Forest Service General
Technical Report INT-GTR-182. Intermountain Forest and Range Experiment
Station, Ogden Utah, USA.
Van Wagtendonk, J. W., Sugihara, N. G., Stephens, S. L., Thoge, A. E., Shaffer, K. E., &
Fites-Kaufman, J. A. (Eds.). (2018). Fire in California’s Ecosystems (2nd ed.).
University of California Press. http://www.jstor.org/stable/10.1525/j.ctv1wxrxh
Watts, A. C., & Kobziar, L. N. (2015). Hydrology and fire regulate edge influence on
microclimate in wetland forest patches. Freshwater Science, 34(4), 1383–1393.
https://doi.org/10.1086/683534
Weixelman, D. A., B. Hill, D.J. Cooper, E.L. Berlow, J. H. Viers, S.E. Purdy, A.G. Merrill,
and S.E. Gross. 2011. A Field Key to Meadow Hydrogeomorphic Types for the
Sierra Nevada and Southern Cascade Ranges in California. Gen. Tech. Rep. R5TP-034. Vallejo, CA. U.S. Department of Agriculture, Forest Service, Pacific
Southwest Region, 34 pp.
Weixelman, D. 2014 (unpublished). Field Methods for Condition Assessment Using
Rooted Frequency Vegetation Sampling and Soil Measurements in Meadows,
U.S. Forest Service Pacific Southwest Region, Vallejo, CA.
Willard, E. Earl, Ronald H. Wakimoto, and Kevin C. Ryan. 1995. Vegetation recovery in
sedge meadow communities within the Red Bench Fire, Glacier National Park.
Pages 102-110 in Susan I. Cerulean and R. Todd Engstrom, eds. Fire in
wetlands: a management perspective. Proceedings of the Tall Timbers Fire
Ecology Conference, No. 19. Tall Timbers Research Station, Tallahassee, FL.
Young, D. J. N., Stevens, J. T., Earles, J. M., Moore, J., Ellis, A., Jirka, A. L., & Latimer,
A. M. (2017). Long-term climate and competition explain forest mortality patterns
30

under extreme drought. Ecology Letters, 20(1), 78–86.
https://doi.org/10.1111/ele.12711

31

